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ABSTRACT
Context. During the transition from the Asymptotic Giant Branch (AGB) to Planetary Nebulae (PN), the circumstellar geometry and
morphology change dramatically. Another characteristic of this transition is the high mass loss rate, that can be partially explained by
radiation pressure and a combination of various factors like the stellar pulsation, the dust grain condensation and opacity in the upper
atmosphere. The magnetic field can also be one of the main ingredients that shapes the stellar upper atmosphere and envelope.
Aims. Our main goal is to investigate for the first time the spatial distribution of the magnetic field in the envelope of IRC+10216. More
generally we intend to determine the magnetic field strength in the circumstellar envelope (CSE) of C-rich evolved stars, compare this
field with previous studies for O-rich stars, and constrain the variation of the magnetic field with r the distance to the star’s center.
Methods. We use spectropolarimetric observations of the Stokes V parameter, collected with Xpol on the IRAM-30m radiotelescope,
observing the Zeeman effect in seven hyperfine components of the CN J = 1-0 line. We use Crutcher’s method to estimate the magnetic
field. For the first time, the instrumental contamination is investigated, through dedicated studies of the power patterns in Stokes V
and I in detail.
Results. For C-rich evolved stars, we derive a magnetic field strength (B) between 1.6 and 14.2 mG while B is estimated to be 6 mG
for the proto-PN (PPN) AFGL618, and an upper value of 8 mG is found for the PN NGC7027. These results are consistent with a
decrease of B as 1/r in the environment of AGB objects, i.e., with the presence of a toroidal field. But this is not the case for PPN
and PN stars. Our map of IRC+10216 suggests that the magnetic field is not homogeneously strong throughout or aligned with the
envelope and that the morphology of the CN emission might have changed with time.
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1. Introduction
Prior to the Planetary Nebula (PN) stage, stars ascend the
Asymptotic Giant Branch (AGB) phase and become thousands
of times more luminous than on the main sequence. The central
object experiences thermal pulses (Habing 1996). In addition,
these stars loose significant amounts of their mass in the form
of stellar winds. These outflows will form chemically rich cir-
cumstellar envelopes (CSEs) around the AGB stars. The more
massive AGB stars exhibiting larger luminosities, longer pulsa-
tion periods, enhanced mass losses, also show strong OH maser
emission and are called OH/IR stars. This transition from AGB
to PN is hence characterized by a high mass loss rate (e.g., De
Beck et al. 2010). The mass loss mechanism is driven mainly by
the radiation pressure on the dust although a combination of sev-
eral other factors may also play an important role (e.g., Höfner
et al. 2016), including the stellar pulsation, the condensation and
opacity of dust stellar grains in the upper atmosphere, and mag-
netic activity.
Moreover, during this stellar evolution, the star’s geometry
changes drastically: the quasi-spherical object inherited from the
main sequence becomes axisymmetrical, point-like symmetrical,
or even shows higher order symmetries when reaching the pro-
toplanetary nebulae (PPN) and PN stage (e.g. Balick & Franck
2002). The classical or Generalized Interacting Stellar Winds
(GISW) models try to explain this shaping by the interaction
between a slow AGB wind with a faster post-AGB wind. How-
ever, modeling of complex structures with peculiar jets is diffi-
cult. Moreover, this mechanism will amplify an initial asymme-
try in the slow wind that has to be explained first. Understanding
the launching of post-AGB jets is fundamental to understand the
post-AGB evolution. In several cases, the presence of a nearby
companion might produce and maintain disks and jets, an en-
velope rotation, and could explain how the shaping is launched
(e.g. Akashi et al. 2015; Boffin et al. 2012). There are indica-
tions of stable, probably rotating disks in some post-AGB nebu-
lae, mainly around binary stars (Alcolea et al. 2007; Bujarrabal
& Alcolea 2013).
Stellar magnetism can be one of the main ingredients in the
shaping process. As a catalyst and/or as a collimating agent it
could be the cause of a higher mass-loss rate in the equato-
rial plane, and thus could determine the global shaping of these
objects (Blackman 2009). In addition, the ejection of massive
winds by AGB stars could be triggered by magnetic activity
in the degenerated core as demonstrated with magneto-hydro-
dynamics (MHD) simulations (Pascoli & Lahoche 2008, 2010).
Actually, there are several indications of the presence of a
magnetic field at the stellar surface and in the CSE of these
post-main sequence objects. In the Red Giant Branch (RGB)
phase, magnetic fields have been detected. Aurière et al. (2015)
obtained 29 Zeeman detections with Narval/ESPADOnS in a
sample of active single G-K giants revealing, for the majority
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Table 1: Source list and observation parameters. The rms is for a velocity resolution of 0.2 km.s−1 in Stokes I.
Object Type RA Deca d VLSR Lbol M˙ Tsys rms
[h m s] [◦ ’ ”] [pc] [km s−1] [103 L] [10−6M/yr] [K] [mK]
IRC+10216 AGB 09 47 57.38 +13 16 43.7 120d -25.5 9.8d 10-40e 200-220 12-14
RW LMi AGB 10 16 02.35 +30 34 19.0 400d -1.6 10d 5.9 f 200-260 12
RY Dra AGB 12 56 25.91 +65 59 39.8 431d -7.3 4.5d 0.2g 290-360 60
AFGL618 PPN 04 42 53.67 +36 06 53.2 900a -25.0 10-14b 20-110c 200 14
NGC7027 PN 21 07 01.59 +42 14 10.2 980h 25.0 7.2h N/A 230-250 14
Notes. (a)Sanchez Contreras & Sahai (2004). (b) Knapp et. al (1993). (c) Lee et al. (2013a,b). (d) Ramstedt & Olofsson (2014). (e) De Beck et al.
(2012). ( f ) De Beck et al. (2010). (g) Cox et al. (2012). (h) Zijlstra et al. (2008).
of them, a dynamo-type magnetic field. Konstantinova-Antova
et al. (2014) have reported the detection of magnetic fields at and
above the Gauss level in approximately 50% of their RGB/AGB
sample demonstrating that the magnetic field is commonly de-
tected at the surface of these objects. Moreover, several stud-
ies have revealed the presence of a strong magnetic field in the
CSE of AGB, post-AGB stars, and PNe. For O-rich AGB ob-
jects, the magnetic field strength is estimated from the polarized
maser emission of several molecules, located at different dis-
tances from the central star: B ∼ 0-18 G with mean value of 3.5
G in the inner part at 5-10 AU (SiO masers, Herpin et al. 2006),
a few 100 mG at 100 AU (water masers, Vlemmings et al. 2001;
Leal-Ferreira et al. 2013), and around 10 mG in the outer part at
1000-10 000 AU (OH masers, Kemball & Diamond 1997; Rud-
nitski et al. 2010). Recently, for the first time the magnetic field
strength has been estimated to be about 2-3 G at the surface of
the S-type Mira star χ Cyg (Lèbre et al. 2014). Moreover, direct
observational evidence of large-scale magnetic fields at the sur-
face and in the environment of Post-AGB stars has been recently
established (Sabin et al. 2007, 2014, 2015). The post-AGB study
(from OH masers) of Gonidakis et al. (2014) indicates that the
B strength detected in CSEs increases with the post-AGB age.
While no strong magnetic field has been detected in the cen-
tral stars of PNe (Jordan et al. 2012; Leone et al. 2014; Steffen
et al. 2014), large-scale fields have been observed in their nebu-
lae (Gómez et al. 2009) and are shown to be responsible for the
observed small-scale structures.
Indications for a link between morphological structures and
the magnetic field exist. Lèbre et al. (2014) have underlined a
connection between the surface magnetic field and the atmo-
spheric shock waves in χ Cyg, a star exhibiting a departure from
spherical symmetry at the photospheric level (Ragland et al.
2006). The MHD-dust-driven modeling of Thirumalai & Heyl
(2012) shows that the magnetic field certainly plays a role in the
mass loss process in the equatorial plane of the Mira star o Ceti.
In the OH/IR star OH231.8+4.2, a binary system, the magnetic
vectors follow the molecular outflows (Sabin et al. 2014), the
field strength being estimated to be 2.5 Gauss at the stellar sur-
face (Leal-Ferreira et al. 2012). The same authors have shown
a clear correlation between field orientation (toroidal field ori-
ented along the equatorial torus) and the nebular structure of the
PN NGC7027 (Sabin et al. 2007).
As for AGB stars, the origin of the field detected in the CSEs
remains unclear, as well as its possible variability with time. All
of the measurements performed so far throughout AGB CSEs
(see Vlemmings 2012) favor a 1/r law for the radial dependence
of a toroidal magnetic field. Pascoli (1997) and Pascoli & La-
hoche (2008, 2010) proposed that a toroidal magnetic field of
∼ 106 G is produced by a dynamo mechanism in the degenerate
core and results in a field strength of a few 10 G on the stel-
lar surface. On the opposite, the polarization morphology of SiO
masers in the circumstellar envelope of an AGB star has been
investigated by Assaf et al. (2013) using the VLBA and appears
to be consistent with a radial magnetic field.
Another condition for the field to be able to shape stars is that
it must be sustained over the AGB lifetime. This implies either
the presence of a companion to spin up the envelope of the star,
thus providing the missing angular momentum (Nordhaus et al.
2007; Blackman 2009), or that the differential rotation between
the core and the envelope of the star has to be re-supplied via
convection or another mechanism.
In addition, some uncertainties remain concerning the mag-
netic field obtained throughout the CSEs of evolved stars. In-
deed, the magnetic field strength (B) derived from SiO masers
are still debatable because anisotropic pumping can produce
strong polarized maser emission (Western & Watson 1983;
Desmurs et al. 2000) and magnetic field strengths of a few
15 mG might be sufficient to explain the observational results
(Houde 2014). Hence, using field tracers other than SiO is cru-
cial in order to have a reliable estimate of B and of its variation
throughout the envelope. Moreover, most past studies focused on
O-rich stars and AGB objects and similar studies should be con-
ducted for C-rich objects. However, the main probe close to the
stellar atmosphere, SiO maser emission, is only present in O-rich
evolved objects and disappears soon after the star has reached the
end of the AGB phase (Nyman et al. 1998). As a consequence,
other magnetic field probes, such as the CN radical used in this
work, are most useful to study more advanced stages of the stel-
lar evolution or C-rich objects.
In this paper we present CN Zeeman observations of several
C-rich objects at different evolutionary stages. We first study the
distribution of the magnetic field in IRC+10216 and then present
the result for four other C-rich evolved stars to compare. Sections
2 and 3 present our source sample and observations, respectively.
Details on CN Zeeman splitting and on data analysis are given
in Sect. 4. Results from the Zeeman interpretation are given in
Sect. 5. We finally discuss the importance of the magnetic field
and compare our results with previous studies in Sect.6.
2. Source sample
Our source sample consists of five evolved low- or intermediate-
mass carbon stars: three AGB objects (IRC+10216, RY Dra and
RW LMi), one proto-PN (AFGL618), and one PN (NGC7027).
The stellar parameters (coordinates, distance, LSR velocity,
bolometric luminosity, estimated mass-loss rate) are given in Ta-
ble 1 and each source is presented below. Most of these sources
have already been observed in CN by several authors; we try to
estimate the size of the CN layer and the distance to the central
object for each star (see Table 2).
IRC+10216 is one of the closest AGB stars (120 pc, period
of 630 days, Ramstedt & Olofsson 2014) and the best studied C-
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Table 2: For each object in our sample we give (from the literature, see
Sect. 2) for the CN layer, the molecular abundance relative to
H2, its distance dCN to the central star, the stellar radius.
Object [CN/H2] dCN R∗
[AU] [AU]
RW LMi 3. 10−5 2675-3340 (3-9”) 2.6
RY Dra 5.1 10−5 61-615 (0.14-1.5)" 1.0
IRC+10216 8.0 10−6 2500 (21”) 3.3
AFGL618 2.1 10−6 2700 (3”) 0.24
NGC7027 2.3 10−7 10000 (11”) 3.5 ×10−4
rich object. Half of the known interstellar species are observed in
its outer envelope. It is surrounded by an optically thick C-rich
CSE, which results from the ejection of stellar material at a rate
of 1 − 4 × 10−5 M/yr (De Beck et al. 2012). At first glance,
IRC+10216 is nearly spherical and expands radially (over more
than 450′′ in CO) with a velocity of 14.5 km.s−1 (Cernicharo
et al. 2015). Deviations from symmetry are visible at small an-
gular scales (e.g. Skinner et al. 1998), suggesting the presence
of an overall bipolar structure. Moreover, high angular resolu-
tion observations indicate the presence of clumps and show that
the innermost structures at subarsecond scale are changing on
timescales of years (e.g. Tuthill et al. 2000), and that this object
might have begun its evolution towards the PN phase. ALMA
observations by Decin et al. (2015) have revealed that the bipo-
lar structure with concentric shells is indeed a binary-induced
spiral shell. A faint companion of the AGB star might have been
discovered by Kim et al. (2015) and may explain the observed
circumstellar geometry. However, a cyclic magnetic activity at
the stellar surface, similar to that on the Sun, is an alternative ex-
planation (Soker 2000). Investigating the magnetic field strength
in IRC+10216 might help to discriminate between these two al-
ternatives. A large 40′′diameter (∼ 5000 AU) CN ring with two
symmetrical brighter emission lobes has been mapped with the
IRAM interferometer (Lucas et al. 1995). In addition, Lindqvist
et al. (2000) estimated the CN abundance to 8×10−6 and inferred
a CN ring with a radius of 5 × 1016 cm (∼3300 AU) and a width
of 4 × 1016 cm.
Two other C-rich AGB objects, RW LMi and RY Dra, are
studied in addition to IRC+10216. RW LMi, also known as
CIT6, is an M-type C-rich star (period of 640 days, Ramstedt &
Olofsson 2014) with a very rich circumstellar envelope (Schmidt
et al. 2002), believed to be in transition from the AGB to the
post-AGB phase. Schmidt et al. (2002) found the presence of a
nascent bipolar nebula, providing evidence that the evolutionary
phase of CIT6 lies just past the tip of AGB. Like IRC+10216,
some spiral structure has been discovered in the circumstellar
envelope. It is likely induced by a central binary star (Kim et al.
2013), and it extends over 20′′. Actually, the molecular con-
tent of the RW LMi envelope suggests that this object is more
evolved than IRC+10216 (Chau et al. 2012). The interferomet-
ric observations of Lindqvist et al. (2000) reveal a CN ring with
a radius of 2675-3340 AU. RY Dra belongs to the J-type carbon
stars (i.e. stars with 12C/13C-ratios ∼ 3). This object is a b-type
semi-variable (period= 173 days, Ramstedt & Olofsson 2014).
A detached shell has been revealed by the ISO observations of
Izumiura & Hashimoto (1999) and could have been produced by
a previous episode of mass loss. Neither interferometric data nor
Hubble images are available for this object. The PACS Herschel
map (Herschel archive) of this object does not spatially resolve
the spherical circumstellar envelope whose size appears to be a
few arcsec. Only CN single dish observations are available for
RY Dra (Bachiller et al. 1997a) which lead to a CN abundance
of 5.1×10−5 and an estimated CN ring size of 0.14-1.5′′ (61-615
AU).
AFGL618, also named the Westbrook Nebula, is a young
proto-PN (∼200 years Kwok & Bignell 1984) exhibiting a B0
central star, a central compact HII region (Sánchez Contreras
et al. 2002), and two pairs of rapidly expanding well collimated
lobes (Balick et al. 2013). SMA continuum and CO line polariza-
tion observations of Sabin et al. (2014) have revealed a magnetic
field well aligned and organized along the polar direction, sug-
gesting a magnetic outflow launching mechanism. The extended
(5′′) molecular envelope is composed of material ejected during
the AGB phase and partly chemically reprocessed (e.g., Herpin
et al. 2002). The molecular outflows extend over 20′′ (Sánchez
Contreras et al. 2002). Two episodes of collimated fast winds
have been identified (Lee et al. 2013): one with a huge mass-loss
rate of ∼ 1.1 × 10−4 Myr−1, and an older one with ∼ 2 × 10−5
Myr−1. The CN abundance (2.1 × 10−6) has been derived by
Bachiller et al. (1997b). To estimate the CN distribution and
abundance in this object, an HCN map only is available (Sánchez
Contreras et al. 2002). Since HCN is a molecule of photospheric
origin that gets photodissociated by the ambient interstellar UV-
field into CN (e.g Huggins & Glassgold 1982) we can assume
the CN molecules are surrounding the HCN envelope, leading
to a rough estimate of the CN envelope size of 6′′ in diameter,
hence 8.1 × 1016cm (or 5400 AU).
NGC7027 is a young PN (kinematical age of 600 years, Mas-
son 1989), with a high degree of axial symmetry. Recent studies
have shown that this object is a multipolar PN in the making
(see Huang et al. 2010). High-velocity jets exhibit a multipolar
shape in H2 extending over roughly 20′′ (Sabin et al. 2007). A
spherical CO envelope extends over 60 ′′ around the central HII
region. While the inner part of the torus has been ionized, the an-
cient AGB molecular content has been completely reprocessed
in the envelope (Herpin et al. 2002). The HCN emission extends
over 20′′ (Huang et al. 2010). We had access to an estimate of
the CN distribution from Plateau de Bure observations (Josselin
et al., private communication,), showing CN at a a distance of
10000 AU from the central object.
3. Observations
We have obtained simultaneous spectroscopic measurements of
the 4 Stokes parameters I, U, Q, V for the seven CN 1-0 hyper-
fine transitions given in Table 3. Two observing runs have been
performed, the first one in November 2006 and the second one
in March and June 2016. The observations have been carried out
with the XPol polarimeter (Thum et al. 2008) at the IRAM-30m
telescope on Pico Veleta, Spain.
For the first observing session (November 2006), the point-
ing was regularly checked directly on the observed stars them-
selves. The system temperature of the SIS receiver and the rms
are given in Table 1. The front-ends were the facility receivers
A100 and B100, and the back-end was the VESPA correlator.
The lines were observed with a spectral resolution of 0.11 km.s−1
(40 kHz) in order to observe the Zeeman effect with a suffi-
cient accuracy. All hyperfine components lines were simulta-
neously covered with two VESPA sections of 80 and 40 MHz
width, respectively, each one being correctly centered. The in-
tegration times (pointed, wobbler-switched observations) were
137, 175, 248, 17, and 215 minutes, for AFGL618, IRC+10216,
RW LMi, RY Dra, and NGC7027 respectively. The forward and
main beam efficiencies were 0.95 and 0.74, respectively, at the
CN frequencies, while the half-power beam width was 21.7 ′′.
Article number, page 3 of 13
A&A proofs: manuscript no. herpin_astroph
Table 3: Zeeman splitting factor Z for CN N=1→0 hyperfine compo-
nents (Crutcher et al. 1996). R.I. stands for Relative Intensity
in LTE conditions. Two CN groups are distinguished: lines 1-3
and 4-7
# N′J′,F′ → NJ,F ν0 Z R.I. Z × R.I.
[GHz] [Hz/µG]
1 11/2,1/2 → 01/2,3/2 113.14434 2.18 8 17.4
2 11/2,3/2 → 01/2,1/2 113.17087 -0.31 8 - 2.5
3 11/2,3/2 → 01/2,3/2 113.19133 0.62 10 6.2
4 13/2,3/2 → 01/2,1/2 113.48839 2.18 10 21.8
5 13/2,5/2 → 01/2,3/2 113.49115 0.56 27 15.1
6 13/2,1/2 → 01/2,1/2 113.49972 0.62 8 5.0
7 13/2,3/2 → 01/2,3/2 113.50906 1.62 8 13.0
The Jy/K conversion factor is 6.3. The polarization angle cal-
ibration (see Thum et al. 2008) has been verified by means of
observations of the Crab Nebula. Moreover, planets have been
used to check the instrumental polarization along the optical axis
(their intrinsic polarization is negligible at the considered fre-
quency, or, for Mars and Mercury, cancels out in the beam). A
more detailed discussion about any instrumental effect is given
in Sect. 5.1.
The 2016 observations were exclusively dedicated to
IRC+10216. The main goal was to map the magnetic field in
the CN envelope which is resolved by the beam of the tele-
scope. In addition to the positions observed in 2006 ((0′′, 0′′),
corresponding to the central source position, and (-10′′, -20′′),
(+15′′, -15′′)) we observed four offset positions (-18′′, -10′′), (-
18′′, +10′′), (+18′′, -04′′), and (+20′′, +16′′).The EMIR band
E090, with the backend VESPA, was set up to observe all CN
1-0 hyperfine components simultaneously, as with the facility
receiver in 2006, but now with larger bandwidths (160 and 80
MHz) in order to better define the spectral baseline. The focus
and the pointing were checked on Jupiter. A major change oc-
curred at the telescope during the winter before our 2016 obser-
vations. The EMIR 3mm band was upgrated in November 2015.
The mixer was exchanged, but also the dual-horn system was
changed to a single horn system. The linear horizontal and ver-
tical polarization splitting are not obtained from a grid anymore
but from a orthomode transducer. The receiver has then one sin-
gle horn followed by a wave guide wherein the signal is sepa-
rated into horizontal and vertical components. In Sect. 4.2.3 we
discuss the impact of this new design on our 2016 observations,
i.e. a leakage of the Stokes I into the V signal. One of the conse-
quences is that we had to increase the integration time per point
(on average 11 hours by position compared to 1 hour before) to
retrieve a sufficient S/N in the V signal.
4. Data analysis and method
4.1. CN and magnetic field
Observing CN offers a good opportunity to measure magnetic
fields in carbon stars. First of all, because of the large abun-
dance of the CN radical (up to ∼ 10−5, Bachiller et al. 1997a,b),
the N=1→0 and N=2→1 lines have already been observed and
easily detected in several carbon-rich AGB stars and PNe (e.g.,
Bachiller et al. 1997a,b; Josselin & Bachiller 2003). Moreover,
CN is a paramagnetic species, thus exhibiting Zeeman splitting
when the spectral line-forming region is permeated by a mag-
netic field B. The only currently viable technique for measuring
the magnetic field strength in the circumstellar envelope of car-
bon stars is to detect the Zeeman effect in spectral lines excited
in the envelope. The normal Zeeman effect splits a line with rest
frequency ν0 into three separated polarized components with fre-
quencies ν0 − νz, ν0 and ν0 + νz, where 2νz =| B | Z, where Z is
the Zeeman factor.
The CN N=1-0 line has a total of nine hyperfine components
split into two groups (one around 113.17 GHz and the second
one around 113.49 GHz), with seven main lines, out of which
four exhibit a strong Zeeman effect (see last column of Table 3,
lines 1, 4, 5, and 7).
4.2. Analysis method
4.2.1. Data reduction
An electromagnetic wave is defined by its horizontal and vertical
components:
eH(z, t) = EH e j(ωt−kz−δ) (1)
eV (z, t) = EV e j(ωt−kz) (2)
where δ is the phase difference between horizontal and vertical
components.
For each source observed in polarimetry at the 30m and each
VESPA section, i.e. each CN hyperfine lines group (lines 1-3
and 4-7 in Table 3), the spectrometer output is converted to the
Stokes parameters as defined in the equatorial reference frame
(i.e., counting the polarisation angle from North to East):
I =< EH2 > + < EV2 > (3)
Q =< EH2 > − < EV2 > (4)
U = 2 < EHEVcos δ > (5)
V = 2 < EHEV sin δ > (6)
All data are reduced using the CLASS software1. All I, Q, U,
and V spectra have been inspected individually. A few of them
have been discarded due to technical problems. A baseline has
been removed from all I, U, Q, and V spectra (excluding in the U
and V spectra the frequency range where the CN line emission
in Stokes I is above the noise) using an order two polynomial.
4.2.2. Numerical method for V spectra
In this subsection we use the Stokes I and V spectra obtained
after data reduction, as shown in Fig. 1. To determine the mag-
netic field, Crutcher et al. (1996) developed a procedure to fit
all seven hyperfine components in the Stokes V spectra in the
least-squares sense:
Vi(ν) = C1Ii(ν) +C2
dIi(ν)
dν
+C3Zi
dIi(ν)
dν
(7)
with i = 1 to 7 for the seven hyperfine components exhibiting a
strong Zeeman effect.
1 http://www.iram.fr/IRAMFR/GILDAS/
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Fig. 1: IRC+10216: observations of November 2006 for the position (−10′′,+20′′). Top Left: CN (1, 1/2) → (0, 1/2) Stokes I spectrum. Bottom
Left: V spectrum (in black) and least-squares fit (in red) using the Crutcher et al. (1996) method described in text. The dashed blue line
shows our fit assuming C3 = 0. Right: same for the CN transition (1, 3/2)→ (0,1/2), with in addition the Gaussian fit for each individual
line overplotted in green and the line overlap area colored in orange on the I spectrum.
In this expression Vi(ν) and Ii(ν) are the Stokes V and I spec-
tra for each of the seven hyperfine CN lines. This method ac-
counts for the Zeeman and instrumental effects. The instrumen-
tal contribution is determined by C1 and C2. C1 depends on the
gain difference in the telescope between the right (R) and left
(L) circular polarizations. C2 accounts for apparent Zeeman ef-
fect due to telescope beam squint when it observes sources with
a velocity gradient, or to residual instrumental effects leading to
residual frequency offset between R and L. Hence, we can es-
timate the line of sight component of the magnetic field (Blos)
from C3 =
Blos
2 , once C1 and C2 have been calibrated.
We have developed a fitting procedure, applied simultane-
ously to the seven hyperfine components, which slightly differs
from the "Crutcher technique" in that we do not fit for the three
Ci parameters simultaneously but separately first. A first guessed
value is attributed to the parameters C1 and C2. In an iterative
process, we then explore a large parameter space simultaneously
for both C1 and C2 in order to get a rough estimate of the in-
strumental contribution. Next, still allowing C1 and C2 to vary
(but within a smaller range of values), the parameter space for
C3 is investigated (in an iterative process too) while V is simul-
taneously calculated for the seven transitons. Convergence of the
iterative process is checked by using a χ2 method and is reached
when 0.18 < χ2 < 0.23 for our 2006 data and 0.11 < χ2 < 0.17
for our 2016 data.
The main issue of this method is to determine the frequency
range corresponding to the emission of each CN hyperfine com-
ponent. While the components of the first group (lines 1-3 in
Table 3) are spectrally well identified (Fig.1 left part), lines 4-
7 are blended for the sources studied here (Fig.1 right part). It
is thus necessary to determine the frequency intervals where the
overlap occurs. For these intervals a blend of individual Stokes
features is seen, i.e., V4 and V5 for the CN hyperfine components
4 and 5, respectively:
V4 + V5 = C3(Z4
dIi(ν)
dν
+ Z5
dIi(ν)
dν
) (8)
These overlapping frequencies (plotted in orange in Fig.1, right
part) are derived from a Gaussian fit (using CLASS) of the CN
(1-0) lines profiles (see Fig.1 right part, in green).
4.2.3. Specific treatment for the 2016 observations
As explained in Sect. 3, in November 2015, the 3mm mixer
and the 30m optics were modified. The dual-horn system was
changed to a single horn system and the vertical (V) and hori-
zontal (H) polarization splitting is produced now by a orthomode
transducer. Using a single horn instead of two different horns for
H and V should eliminate the misalignment of the H and V horns
as a major contribution to the instrumental polarization.
According to the IRAM technical tests (IRAM internal com-
munication), the instrumental contamination in the linear polar-
ization is improved and the beam squint effect has been removed.
However, our March 2016 observations showed that the V instru-
mental polarization has strongly increased. This change has pro-
duced a substantial leakage of the Stokes I signal into the Stokes
V, as revealed by the mirror image of I seen in the V spectra (see
Fig. 2).
We now assume about the relative importance of the three
Ci parameters in formula (7). As the beam squint effect is now
cancelled, we assume that the C2 coefficient is equal to zero and
that we are dominated by the leakage of the I into V , i.e. C1 . To
estimate the leakage of I into V, measured by the C1 coefficient,
we first assume that the magnetic field is negligible with respect
to the leakage, i.e. C3 = 0. Hence, formula (7) becomes:
V = Vcali (ν) = C1Ii(ν) (9)
C1 gives the percentage of the I into V leakage for the obser-
vations of IRC+10216 performed in March and June 2016. C1 is
found around 1.1 and 1.4 % (see Table. 4) depending on the ob-
served positions. The resulting Vcal spectra is shown in blue for
one observed position in Fig. 2. No correlation has been found
between C1 and I or the degree of elevation of the source.
Finally, to estimate the true V signal (Vtrue, i.e. not contam-
inated by I) we then subtract Vcal from the original Vori spectra,
that is to say:
Vtrue = Vori − Vcali (ν) = Vi −C1Ii(ν) (10)
This leakage-free V spectrum, Vtrue, is plotted in red in Fig. 2.
Then, we can apply the analysis described in Sect.4.2.2 on this
Vtrue, signal, to derive the C3 coefficient.
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Fig. 2: IRC+10216: observations of March and June 2016 for position
(+20′′, +16′′). CN (1, 3/2)→ (0, 1/2) Stokes I (Top) and V (Bot-
tom) spectra in black and fit of the estimation of the I leakage in
blue. The resulting true V spectrum after removal of the I leak-
age is shown in red.
Fig. 3: CN map of IRC+10216 adapted from Lucas et al. (1995). Green,
red and dashed blue circles represent positions with a Zeeman
detection, without a Zeeman detection, and unobserved ones, re-
spectively. The diameter of the circles corresponds to the size of
the telescope primary beam (21.7′′).
5. Results
5.1. Uncertainties and method limitations
As a consequence of formula (7), the measured accuracy of the
magnetic field (Blos) strength depends on 1) the rms of the I and
V observations and 2) the precise characterization of the instru-
mental contamination.
5.1.1. Zeeman features in the Stokes V spectra
For all sources/positions the rms (for a velocity resolution of 0.2
km/s) of the I and V observations is in the range 9-14 mK, except
for RY Dra for which values are 4.5 times larger. The resulting
S/N (computed from the V integrated area divided by rms×δv)
for the likely Zeeman fetaures in the Stokes V spectra is less than
3 for RW LMi, RY Dra, and NGC7027 while it is more than 5
for AFGL618. Concerning IRC+10216, for five of the observed
positions, the Zeeman effect is likely detected (considering the
leakage-free Vtrue spectrum for the 2016 data) with a S/N higher
than 5 (see Figs. 1, 2, 4, 5, and A.1-A.5). The two positions with
the highest S/N, (−10′′,+20′′) and (+20′′,+16′′) are shown in
Fig. 1 and 4. No signal is detected for the central position while
the S/N for position (−18′′,−10′′) is less than 3. Only upper
limits for B will then be inferred when the S/N is less than 3.
5.1.2. Accuracy of B strength estimates
As explained in Sect. 4.2, we have estimated through an iterative
process the polarization instrumental contributions from the total
intensity, accounting for the leakage of I into Stokes V, and from
the beam squint effect for all observed sources/positions in our
sample (see Tables 4 and 5). The beam squint leakage must be
considered when horizontal and vertical polarization signals are
not collected in the same horn, i.e. do not probe exactly the same
region, and for sources with a non-zero velocity gradient. This
effect, quantified by the C2 coefficient, is noticeable in our first
set of observations but has disappeared in the second run after
a single horn has been installed on the 30m telescope. Hence,
while C2 is zero for the March 2016 observations, we obtain
large values for the other observations. The C1 parameter varies
between 5.5×10−4 and 3.0×10−3 for the first set of observations
while it reaches value up to 1.4 × 10−2 after the strong leakage
of I into V occurred.
Considering the rms of the V spectra, we have estimated that
the accuracy on our estimate of C1 and C2 is roughly 10% and
300 Hz respectively. From equation (7),
C3Zi
dIi(ν)
dν
= Vi(ν) −C1Ii(ν) −C2 dIi(ν)dν (11)
and, assuming that the error on dIi(ν)/dν is negligible compared
to the others, we can estimate the error on C3 from:
δ(C3Zi
dIi(ν)
dν
) = δVi(ν) − δC1Ii(ν) −C1δIi(ν) − δC2 dIi(ν)dν (12)
The error on the observed Vi(ν) and Ii(ν) being the spectral rms
(rmsV and rmsI), one derives the uncertainty onC3, hence on the
magnetic field strength:
δC3 =
1
Zi
dIi(ν)
dν
× (rmsV − δC1Ii(ν) −C1rmsI − δC2 dIi(ν)dν ) (13)
It is in principle possible to relate C1 and C2 to the Stokes V
and Stokes I power patterns of the telescope. Thanks to the or-
thomode transducer, the power pattern for the instrumental con-
version of Stokes I into Stokes V is almost axially symmetric.
This justifies our assumption that C2 is insignificant in our 2016
observations. A comparison between C1 and the power patterns
measured on Uranus can be found in Appendix B.
In addition, for the central position (0′′,0′′) of IRC+10216,
our spectra are slightly contaminated by the CN ring emission
(see Fig. 3). A fraction of the signal is probably contaminated
by the secondary telescope lobes which are located on the CN
envelope (see Appendix B).
Of course, a strong limitation of these measurements is that
the magnetic field strength is only measured along the line-of-
sight. As a consequence finding a zero magnetic field does not
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Table 4: CN cartography of IRC+10216: for each position, Br∗ is the ex-
trapolated strength of the magnetic field (following a 1/r law)
at one stellar radius (the CN layer is at 2500 AU, i.e. 21”, the
stellar radius being 3.3 AU).
Position Blos δBlos | Br∗ | | C1 | C2
arcsec [mG] [mG] [G] ×10−3 [Hz]
+0 +0a ≤ 1.6 ≤ 1.1 1.05 530
-10 +20a 9.5 5.5 7.2 3.0 800
+15 -15a -2.0 6.7 1.5 0.55 750
-18 +10 4.4 1.8 3.3 12 no
-18 -10 ≤ 3.5 ≤ 2.7 12 no
+18 -04 3.0 0.5 2.2 14 no
+20 +16 -7.5 1.2 5.7 10 no
Notes. (a) Observations made in 2006 before the optics modification
(see section 4.2).
necessarily mean that there is no magnetic field, i.e. the sum only
of the magnetic field vectors in case of a twisted field could be
zero within the telescope beam. Even if interferometric mapping
of the Zeeman effect would give a higher angular resolution map
of the line-of-sight component and then help to constrain this
possibility, it will not give us access to the full magnetic vec-
tor. To further investigate this issue interferometric observations
would nevertheless be helpful, but the spectral line polarimetry
(with all Stokes parameters) is still not available with ALMA or
NOEMA.
5.2. Mapping the magnetic field in IRC+10216
IRC+10216 is an AGB carbon star whose CN ring diameter is
larger than the 30m beam. For that reason, IRC+10216 is the
best candidate, to obtain for the first time, a map of the magnetic
field in the envelope of an evolved star. Nine positions have been
proposed to cover the whole CN ring with half-beam spacing
(see Fig. 3). Unfortunately, due to the weather and increasing
observing time because of the Xpol issue (see Sect. 4.2.3), only
7 out of the 9 positions have been observed, three during the first
run in 2006, and four in 2016. Results are presented in the Table
4 (the CN cartography).
For the central position, we first note that the Stokes I line
profiles exhibit a double horn profile for each CN component
(see Fig. 5), meaning that the CN is expanding. We measured
an expansion velocity of about 14.0 km.s−1, in agreement with
Fong et al. (2006). On this central position (see Fig. 5) and on
(−18′′,−10′′), the V signal is dominated by the noise (see Sect.
5.1.1) and only upper limits for Blos are derived. The other posi-
tions exhibit a likely Zeeman effect with a good S/N (see Figs.
4-5). Considering the instrumental contribution, we then derive
a longitudinal component (absolute value) of the magnetic field
between 2.0 and 9.5 mG depending on the position (see Table
4), with uncertainties varying from 15% (position (+20′′,+16′′))
to 60% (position (−10′′,+20′′)). The error on the measurement
for positions (+15′′,−15′′) is more than 3 times the estimate of
the Blos which then should be considered as an order of magni-
tude estimate only. For two positions the sign of the line-of-sight
component of the vector B is negative.
5.3. Other objects
Because of high noise, the observed Stokes V signal (see Fig.
A.6 and A.7) allows us to only derive an upper limit of the mag-
Table 5: For each object in our sample we give the estimated mag-
netic field strength on the line-of-sight Blos, its uncertainty,
the strength of the magnetic field extrapolated (following a 1/r
law) at one stellar radius (see Sect. 6) Br∗ , and the instrumental
contribution parameters C1 and C2.
Object Blos δBlos Br∗ | C1 | C2
[mG] [mG] [G] ×10−3 [Hz]
RW LMi ≤ 3.8 ≤ 4.4 1.05 9200
RY Dra ≤ 14.2 ≤ 4.8 1.15 17500
AFGL618 6.0 6.0 67.5 1.05 2750
NGC7027 ≤ 8.0 ≤ 3.1 × 105 1.1 1360
netic field Blos along the line-of-sight for the two other AGB
stars. We find 14.2 mG and 3.8 mG for RY Dra and RW LMi,
respectively (see Table 5).
For the PPN AFGL618 the Stokes V signal is detected above
the instrumental contribution and the noise (see Fig. A.8 and Ta-
ble 5). The magnetic field Blos is then estimated to be 6.0 mG
for this object. But again, considering the error found, we can
only say that we have obtained an order of magnitude estimate
of the magnetic field strength Blos. Concerning the young PN
NGC7027 (see Fig. A.9), an upper limit of Blos is estimated to 8
mG.
6. Discussion
6.1. Distribution of the magnetic field in IRC+10216
Considering the symmetry of the CN ring in Fig. 3 (see Lu-
cas et al. 1995), and assuming that the magnetic field should be
stronger where the CN material is denser, we should expect sim-
ilar values of the magnetic field for different pairs of positions:
(−10′′,+20′′)/(+15′′,−15′′), (+20′′,+16′′)/(−18′′,−10′′), and
(+18′′,−04′′)/(−18′′,+10′′). However, this is not the case. We
observe a stronger magnetic field in the northern part of the ring
where CN seems to be less dense. Furthermore, we could also
expect a stronger magnetic field for positions (+18′′,−04′′) and
(−18′′,+10′′) where CN is observed to be more intense, but this
is not the case either, even though position (−18′′,+10′′) over-
laps region (−10′′,+20′′) where B is strong. The non-detection
of the Zeeman effect for position (+0′′,+0′′) is consistent with
the CN hole and with oppositely oriented magnetic field vectors
in front and near-side (Fig. 3).
Several explanations could explain the non-detections in our
observations: 1) CN is less abundant at some positions; 2) the
magnetic field vectors cancel out when averaged within the
beam; 3) the magnetic field distribution is not homogeneous.
First of all, the total integrated CN intensities for each posi-
tion show that the CN distribution has slightly changed since the
observations of Lucas et al. (1995): the western part of the CN
ring is now the weakest one while the emission coming from the
northern part is now stronger. Nevertheless, there is no obvious
correlation between the field strength Blos and CN emission.
From this Zeeman effect study we have also inferred the
sign, i.e. direction, of the line-of-sight component of the mag-
netic field vector which is negative for positions (+15′′,−15′′)
and (+20′′,+16′′) and positive for all other positions. As a con-
sequence no obvious direction pattern is observed. We under-
line that a magnetic field perpendicular to the observed CN ring
would cause the same sign everywhere while a toroidal field
within the mapped CN ring, with the torus slightly inclined,
would produce a characteristic Blos distribution: zero at the cen-
ter and at the minor axis positions while it would be maximum
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Fig. 4: IRC+10216: observations of March and June 2016 for the posi-
tion (+20′′, +16′′). Top: Stokes I and V for CN transition (1, 1/2)
→ (0, 1/2). Bottom: same for CN transition (1, 3/2) → (0,1/2).
Spectra and least-squares fits for V are shown in black and red,
respectively. The error for the Stokes V fit is plotted in yellow.
at the major axis positions with sign reversed from one side to
the other.
Men’shchikov et al. (2001) modeled the geometrical struc-
ture of the envelope within three regions: the inner most dense
core with bipolar cavities (outflow) over 60 AU (0′′5), a less-
dense envelope where molecules are observed, and the outer ex-
tended envelope (6×105 AU ∼ 1◦3). The opening angle of the
cavities is 36◦ and the viewing angle between the equatorial
plane and the line of sight is 40◦. Therefore, we can extrapo-
late that the less dense northern and southern parts of the CN
ring in the Lucas et al. (1995) map correspond to the continuity
of the cavities. As a consequence, since 1995, the CN ring might
have been modified by a change in the cavities or the viewing
angle has changed (unlikely). Moreover, the measured strength
of the magnetic field Blos could depend on the viewing angle of
the outflow cavities assuming that magnetic field vectors follow
the outflow cavities.
Fig. 5: As in Fig. 4 for observations of November 2006 for the position
(0′′, 0′′) toward IRC+10216.
6.2. Comparison with other observations and implications for
the magnetic field mechanism
We tried to verify that our magnetic field estimates are consis-
tent with previous studies to date exclusively dedicated to O-
rich stars. We now intend to link these results to other detections
in the O-rich stellar environments. Assuming that the magnetic
field process does not depend on the chemical type of the star,
and knowing that the CN layer for C-rich objects is roughly at the
same distance as OH layer for O-rich objects, we can compare
the values of B for these two layers. These results (see Tables
4 and 5) are compatible with an estimate of the Blos field from
OH masers observed for instance by Rudnitski et al. (2010) or
Gonidakis et al. (2014).
Earlier field measurements have shown that the magnetic
field strength decreases across the envelope either in 1/r or in
1/r2 (Vlemmings 2012). This is shown in Fig. 6. Meanwhile,
the first estimate of the magnetic field strength (2-3 Gauss) at
the surface of a Mira star (χ Cyg, R? =2 AU, Lacour et al. 2009)
has been obtained by Lèbre et al. (2014) on Lacour et al. (χ Cyg,
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Fig. 6: Magnetic field strength as a function of the distance (Vlemmings
2012). The different boxes show the range of observed magnetic
field strengths derived from observations of SiO masers (Kem-
ball et al. (2009); Herpin et al. (2006)), H2O masers (Vlemmings
et al. (2002) and Vlemmings et al. (2005)), OH masers (e.g Rud-
nitski et al. (2010)) and CN (this work, triangles for Zeeman
detection and arrows for the upper values). The dashed and solid
lines indicate an r−2 solar-type and r−1 toroidal magnetic field
configuration. The vertical dashed line indicates the stellar sur-
face for the Miras, and the star corresponds to the magnetic field
measured at the surface of χ Cyg by Lèbre et al. (2014) for this
object.
R? =2 AU, 2009). Plotted in Fig. 6 it strongly suggests an 1/r
variation. In order to verify this behavior, we place our Blos es-
timates for all stars in our sample (AGB, PPN and PN) in Fig.6
which represents the measured magnetic field strength Blos ver-
sus the radial distance from the center of the star. Our results for
C-rich evolved objects confirm that a 1/r variation is the most
reliable scenario (and definitely exclude a variation in 1/r3). All
measurements together hence tend to favor a 1/r variation of a
toroidal magnetic field (as proposed by Pascoli 1997).
Adopting this law, we have thus extrapolated the B field to
a distance of one stellar radius (Br∗ , see Tables 4 and 5). For
the AGB stars RY Dra and RW LMi, the upper value for the
magnetic field strength is of a few Gauss, while for IRC+10216
the estimated surface magnetic field can be as high as 7.2 G
with an average value of 3.8 G. These values are in agreement
with the estimate of Lèbre et al. (2014) for χ Cyg. For the PPN
AFGL618, we derive a surface field of tens of Gauss. In this
object, Sabin et al. (2014) have observed a well aligned and or-
ganized field along the polar direction (but no toroidal equatorial
field) parallel to the major axis of the outflow. Our upper value
to Blos in the envelope of the PN NGC7027 is compatible with
Sabin et al. (2007) (a few mG at 3000-4000 AU) or Gómez et al.
(2009) for the young PN K 3-35 (0.9 mG, based on OH masers).
Actually, the estimate by Sabin et al. (2007) at 3000-4000 AU
from polarimetric SCUBA observations implies that the mag-
netic field in the CN layer (10000 AU) should be weaker, thus
explaining why it is not detected in our study. Moreover, beyond
5000 AU, according to theses authors, there is no sign of an orga-
nized field, and, as a consequence, the line-of-sight Blos that we
measure here might be zero. Nevertheless, the clear correlation
observed by these authors between the field orientation and the
nebular structure at 3000-4000 AU underlines the importance of
the magnetic field in this object. The magnetic field in AFGL618
and NGC7027, with a strength of a few mG, is dominant over the
thermal pressure and drives a magnetic outflow launching mech-
anism.
For the PN the derived upper value of Br∗ seems to be far
too large compared to previous studies. Actually several studies
(e.g. Steffen et al. 2014) indicate an absence of a strong (kGauss)
magnetic field at the PN stellar surface (of the central object),
thus in contradiction with our own estimate assuming 1/r law.
While the stellar radius for AFGL618 (see Sánchez Contreras
et al. 2002) is not well constrained, thus the Br∗ estimate at the
stellar surface remains uncertain, Latter et al. (2000) have esti-
mated the radius of the central object of NGC7027 to 3.5 × 10−4
AU. We can then conclude that the magnetic field in the proto-
PN and PN does not follow an 1/r law or that estimate of the
stellar radius for these objects is wrong.
Interpreting IRC+10216 is of course difficult because, as the
source is resolved, we have different B estimates. While the non-
detection at the central position could be explained by a lower
CN abundance, hence a too weak signal, we should expect the
same Blos field in the two other observed NW and SE positions.
On the contrary, only the NW position exhibits a clear Zeeman
detection, hence a detectable Blos field. This tends to show that
the Blos field is not homogeneously strong or aligned in the en-
velope. This result agrees with the study of the magnetic field
using molecules CO, SIS, and CS by Girart et al. (2012) which
suggests that the magnetic field morphology is possibly complex
(the positions they studied are within the CN ring). A more de-
tailed interferometric map of the magnetic field is mandatory to
conclude, specially as a new spiral structure was recently discov-
ered (Cernicharo et al. 2015).
6.3. Impact on the stellar evolution
The previous section has shown that a r−1 decline of the mag-
netic field across the envelope of O- and C-rich evolved ob-
jects is the most likely scenario (except for the PN object in
our sample). As a consequence, the magnetic field appears to
be toroidal in these evolved objects, and its strength is expected
to be of a few Gauss at the stellar surface. This is in agree-
ment with, for instance, the torus models of García-Segura &
López (2000). Nevertheless, our estimates of the magnetic field
at the stellar surface, combined with the measurement of Lèbre
et al. (2014) towards the S-type Mira star χ Cyg, are lower (ex-
cept for AFGL618) than the prediction from Pascoli & Lahoche
(2010) of a 10-100 G surface field for an AGB star decreasing as
1/r. Compared to the field strength required for a toroidal field
to launch an outflow via a field pressure gradient (40 G at R?
García-Segura et al. 2005), the magnetic field, as estimated here,
is again too weak at the stellar surface. On the opposite, in the
hybrid MHD dust-driven wind model for Mira of Thirumalai &
Heyl (2012) the role of a surface field of ∼ 4 Gauss is dynami-
cally important in the star’s mass loss process. Moreover, Vlem-
mings (2011) has shown, based on the measured magnetic field
found in the literature in SiO and H2O, that the magnetic field
dominates at and close to the photosphere. This is not the case in
the OH/CN region, or at least the field energy is comparable to
the kinetic energy.
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7. Conclusion
Using the polarimeter Xpol with the IRAM 30m, we have made
a study of the magnetic field in a small but representative sample
of C-rich evolved stars (three AGB stars including the prototyp-
ical AGB IRC+10216, one PPN, and one PN). Thanks to the
Zeeman effect in the CN 1-0 transition, we have been able to
determine the magnetic field strength using Crutcher’s hyperfine
lines fitting method. The CN ring observed towards IRC+10216
is well resolved by the 30-m beam and we thus have been able to
trace the magnetic field strength in the circumstellar envelope.
This work is the first estimate (apart from a preliminary an-
nouncement made by Herpin et al. 2009) of the magnetic field
strength in the circumstellar envelope of C-rich objects. The hy-
perfine transitions of the CN N=1-0 transition were used to probe
the field in these stars and, for the first time, to map the field dis-
tribution in the peculiar object IRC +10216.
For AGB stars, we estimate the magnetic field in the CSE to
be between 1.5 and 9.5 mG. Previous studies for O-rich evolved
stars have show that the magnetic field decreases across the CSE
either in 1/r or in 1/r2 (where r is the distance to the star’s cen-
ter), with a preference for 1/r. Considering the magnetic field
strength derived in the envelope of the objects studied here and
the inferred value Br∗ at the stellar surface (between 1.1 and 9.5
G), we conclude that the B field varies in 1/r, as expected for
a toroidal magnetic field. We stress that such a magnetic field
is too weak to launch an outflow via a field pressure gradient.
However, a surface magnetic field of few gauss may play an im-
portant role in the star’s mass loss process. Moreover, our map of
IRC+10216 shows that the magnetic field is not homogeneously
strong or aligned in the envelope and that the CN morphology
might have changed between 1995 and now.
For the central stars of the proto-PN AFGL618 and PN
NGC7027, we found Blos = 6.0 mG and Blos ≤ 8.0 mG, re-
spectively, corresponding to an improbably high surface mag-
netic field of 67 G for AGL618 and an upper limit of 3.4×105
G for NGC7027 if B varies in 1/r. For proto-PN and PN, we
conclude that the magnetic field might not follow the 1/r law, i.e.
something in the stellar evolution between AGB and post-AGB
may have changed the field topology. More dedicated polarimet-
ric observations in this class of objects are necessary.
We have carefully estimated the instrumental contamina-
tion in our study. Moreover, considering that we only measure
the magnetic field along the line-of-sight, we stress that a no-
detection does not necessarily imply that there is no magnetic
field. Spectropolarimetric mapping using interferometers like
ALMA and NOEMA are required to minimize this problem and
to better understand the role of the magnetic field in the evolution
of evolved stars.
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Fig. A.1: IRC+10216: observations of November 2006 for the position
(+15′′, -15′′) and the CN transition (1, 3/2) → (0,1/2). Top: Stokes I
spectrum. Bottom: spectra and least-squares fits to V are shown in black
and red, respectively.
Fig. A.2: As in Fig. A.1 but for the observations of March and June
2016 toward position (-18′′, +10′′) of IRC+10216.
Appendix A: Figures
Figures A.1 to A.9 show the stokes I and V spectra for all stars
in our sample.
Appendix B: Power patterns in Stokes I and V
As mentioned in section 5.1, the parameter C1 is related to the
leakage of Stokes I into Stokes V, in such a way that the cor-
responding power pattern can be described by a scaled copy of
the Stokes I beam. In general, the power patterns are measured
by observing a sufficiently strong, unpolarized and unresolved
continuum source. When EMIR’s orthomode transducers were
commissioned, a serie of observations of Uranus was made in
December 2015 at various elevations. While on the optical axis
a value of 2.5 % was measured for C1, it increases off the optical
axis (Fig. B.1).
In the following, the indexing of the power patterns follows
the nomenclature of the Müller matrices, e.g., IV describes the
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Fig. A.3: As in Fig. A.1 but for the observations of March and June
2016 toward position (-18′′, -10′′) of IRC+10216.
Fig. A.4: As in Fig. A.1 but for the observations of March 2016 toward
position (+18′′, -04′′) of IRC+10216.
conversion from Stokes I into Stokes V in the telescope’s Nas-
myth cabin, and BIV is the corresponding power pattern. The
observed Stokes V then becomes
Vobs = Vint ∗ BVV + Iint ∗ BIV
Iobs = Iint ∗ BII , (B.1)
where Iint and Vint are the intrinsic brightness distributions in
Stokes I and V, respectively, and Iobs and Vobs are the observed
flux densities after convolution with the respective power pat-
terns of the antenna. Since the beams BII and BVV are dominated
by the aperture of the telescope, and the illumination of its sub-
reflector by the receiver, we assume them to be equal. As al-
ready mentioned, the power distribution leakage of Stokes I into
Stokes V, BIV, has been measured (Fig. B.1). The spatial dis-
tribution of the observed fractional circular polarization is then
given by(
Vobs
Iobs
)
= C3
d ln I
dν
+C1 =
Vint ∗ BVV + Iint ∗ BIV
Iint ∗ BII . (B.2)
Fig. A.5: As in Fig. A.1 but for the observations of March and June
2016 toward position (+20′′, +16′′) of IRC+10216.
Fig. A.6: As in Fig. A.1 but for the observations of November 2006
toward RW LMi.
where, as discussed in section 5.1, we can neglect the term
with C2. The only quantity which varies with time is BIV. Be-
cause it is not entirely axially symmetric, but displays an asym-
metric sidelobe which is fixed in the Nasmyth reference frame,
the equivalent power pattern BIV is smeared by the parallactic
rotation. This is demonstrated in Fig. B.1. Eq. B.2 shows that ap-
plying Crutcher’s method to time-averaged spectra, with a cor-
respondingly weighted averaged BIV is equivalent to applying
the method to data subsets, at various elevations and parallactic
angles. The Stokes V spectra of these subsets should then be cor-
rected individually. However, the pattern method will be fraught
with uncertainties, because the lower sensitivity in subsets of the
spectra may introduce artefacts into the determination of the C
coefficients. We therefore prefer to use the method described in
Sect. 6. The value of C1 then depends on the emission picked up
from e.g. the CN(1-0) emission shell of IRC+10216 which is de-
scribed by the aforementioned power pattern BIV. This explains
why the C1 coefficients vary from position to position (cf. Ta-
ble 4). While the average C1 within a 5σ cutoff radius in Stokes
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Fig. A.7: As in Fig. A.1 but for the observations of November 2006
toward RY Dra.
Fig. A.8: AFGL618: observations of November 2006. CN (1, 3/2)→ (0,
1/2) Stokes I (Top) and V (Bottom) spectra. Spectra and least-squares
fits to V are shown in black and red, respectively. The instrumental V
contribution is plotted in blue (C3 = 0).
I is −0.3 %, the average between the half-power contour of the
Stokes I beam and the same cutoff is −0.5 %, varying between
−0.4 % and −1.4 % within the four quadrants of this area. These
values are reasonably close, in absolute value and sign, to those
given in Table 4. In practice, the exact values depend on where
the dominating pickup of Stokes I by the power pattern BIV is lo-
cated. A more quantitative analysis would only be possible with
a high resolution (∼ 1′′) map of the CN(1-0) emission in Stokes
I.
Fig. A.9: As in Fig. A.1 but for the observations of November 2006
toward NCC7027.
Fig. B.1: Stokes V power patterns, as measured on Uranus.Left: Nas-
myth reference frame. The color scale indicates the antenna tempera-
ture (in mK). Center: Same for C1, with color scale in %. The white
contour indicates the measured half-maximum contour of the Stokes I
beam, at 91.5 GHz. The black contour is the corresponding contour at
the CN(1−0) frequency. The map is limited by a S/N ∼ 5 cutoff. Right:
Averaged C1 map in astronomical coordinates. For details see text.
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